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Verticillium wilt, caused by Verticillium dahliae K1eb., is a symptoms appear {18,26). Development of follar symptoms in major constraint to cotton (Gossypium hirsutum L.) production in infected plants is influenced by several factors, of which the most almost all countries in which G. hirsutum is cultivated (10). A important are the susceptibility of cotton cu1tivars, the environmean annual10ss of fiber of 2.37% due to the disease was remental conditions, and the pathotypes of ~ dahliae (5, 11, 23, 25) . ported in the USA in the period from 1952 to 1981 (21) , but in Pathotypes of ~ dahliae infecting cotton are differentiated main1y some particular fie1ds and years the 10sses exceeded 75% (29). In by whether or not they defoliate the p1ant (30). The defoliating Spain, Vertici1lium wi1t of cotton was first reported in 1954 (2) pathotype has a more pronounced effect than the nondefoliating and is now the most important disease of the crop. The disease pathotype on growth parameters of the affected p1ants and reducoccurs in 74 to 82% of the fields throughout the Guadalquivir tion of lint yie1d (18) . As a consequence of the multiple factors Valley of southern Spain (12), an area in which an average of invo1ved in the expression of follar symptoms, the relationship 83,000 ha of cotton is grown annually (3). Disease incidence and between follar symptoms deve10pment and inocu1um density may severity are highest in the 10wer Guadalquivir Valley and occurbe of litt1e value for disease prediction (16). However, when rence is associated with the high inocu1um densities of a cottonstudies were done in a limited number of fie1ds for several condefoliating pathotype of ~ dahliae widespread in that area (12).
secutive years, thus reducing experimental variability, it was Research in California shows that the percentage of cotton found that the cate of increase in the incidence of follar symptoms plants infected ( showing a dark brown discoloration of vascular in Acala SJ-2 over physiological time and the final disease incitissues) by ~ dahliae at the end of the crop season is directly dence were significant1y related to the inoculum density of r elated to the inoculum density of the pathogen in soil (6). Vascudahliae in soil at the time of sowing (23, 25) . lar discoloration is a good indicator of infection by ~ dahliae, but
Little is known about the epidemiology of Verticillium wilt of it appears to have little influence on lint yield. Losses of lint yield cotton under conditions prevailing in southern Spain, and few depend main1y on the developmental stage of plants when follar comparative studies have been done on the influence of different dahliae pathotypes on the epidemiology of the disease. The objectives of this work were to determine the influence of initial inoculum density of the defoliating and nondefoliating pathoCorresponding author: R. M. Jiménez-Díaz; Fax: 34-57-218569 types of ~ dahliae on the epidemic development of Verticillium wilt of cotton, and the relationship between the initial inoculum (C) 1995 The American Phytopathological Society of the pathogen and the final amount of the disease.
MATERIAL S AND METHODS
regression models to describe the disease/inoculum density relationships was evaluated by the coefficient of determination (r), Initial inoculum density of ~ dahliae and tinal disease.
the significance level of the relationship, and the pattern of reSystematic disease surveys were carried out in 57 cotton fields at siduals (15, 17 In mid-September 1985, 50 diseased plants were collected at plot, one sampling plot per field. Soil samples from each plot random in each of the field plots A to E, as well as in fields in were buIked, thoroughly mixed, and air-dried for 5 to 6 months at which the relationship between inoculum density and final disa temperature and relative humidity that ranged from 22 to 25°C ease was studied and isolations were made from their petioles and and 30 to35%, respectively. The dry soil was broken up by hand stems. Tissues were washed in running tap water, cut into pieces and with a wooden hammer, milled in a rotating drum with steel 5 to 10-mm long, surface-disinfested in 0.5% NaOCl for 1 to 2 cylinders for 20 min, and screened through a sieve with a 0.8-mm min, and dried with sterile filter paper. The disinfested pieces mesh. Five 100-mg aliquots of dry soil were processed per plot.
were plated onto water-aureomycin agar (WAA) (1 liter of disEach subsample was plated onto a semiselective sodiumtilled water, 20 g of agar, and 30 mg of aureomycin) and incupolypectate agar (SPA) medium (14) by means of a modified bated in darkness at 22 to 24°C for 2 weeks. Monoconidial isoAndersen air sampler (Andersen Samplers, InC.' Atlanta), followlates obtained from the \1: dahliae colonies that developed were ing the procedure described by DeVay et al. (16) . Plates were grown on plum-extract agar (PEA) (900 mI of distilled water, 20 incubated at 23 to 25°C in darkness for 14 days, after which the g of agar, 100 mI of concentrated plum extract, 1 g of yeast ex-SPA surface was washed free of soil with tap water. Fungal colotract, 5 g of lactose, and pH 5.6 to 6.0) and stored under autonies that grew on the medium were observed with a stereoscope claved (twice for 70 min at 121°C) liquid paraffin (E. Merck AG, at 15x. Colonies of \1: dahliae were identified on the basis of miDarmstadt, Germany) in darkness at 5 to 10°C. crosclerotia formed in the SPA (14) and the colonies were Monoconidial isolates of \1: dahliae were characterized by the counted. For each plot, the inoculum density was expressed as the morphology of microsclerotia, the growth cates on sanguinarinenumber of colony forming unit per gram of dry soil (CFU/g).
amended potato-dextrose agar (PDA), and the pathogenicity to Verticillium wilt in each sampled plot was assessed on 11 to 27 cotton cultivar Acala S1-2 and line PI 70-110. Microsclerotia September, 1985, at the time the crop was at an early stage of morphology was observed in 28-to 35-day-old water agar (WA) maturation. The incidence of foliar symptoms (proportion of cultures incubated at 24°C in darkness (28) . Isolates were culplants with follar symptorns) (29) and disease severity were detured on PDA supplemented with 10-3 M sanguinarine nitrate at termined in six groups of 20 randomly chosen, consecutive 24°C in darkness for 7 to 14 days, and then observed for fluoresplants. Disease severity was assessed for each plant on a O to 4 cence when exposed to UV light (360 nm) (24, 28) . Controls in rating scale according to the percentage of foliage affected by these experiments were \1: dahliae isolates V-4 and V-117, which acropetal chlorosis, necrosis, wilt, and/or defoliation (O = healthy had been characterized as mildly virulent and nondefoliating, and plant, 1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 99%, and 4 = dead highly virulent and defoliating, respectively, in previous work plant). The incidence (proportion) of infected plants was then carried out in OUT laboratory (12). determined. Infection in a plant was based on the occurrence of The pathogenicity of 15 monoconidial isolates of \1: dahliae vascular discoloration in the stem at 4 to 6 cm above soillevel.
from field A, 15 from B, 13 from C, 12 from D, and eight from E Incidence of foliar symptoms and severity data were used to calwere tested on line PI 70-110 (very susceptible to Verticillium culate a disease intensity index (D¡) (1) by the following equawilt) and cultivar Acala S1-2 (moderately susceptible to the distion: DI = (l x S) -:-M, in which 1 and S were incidence (%) and ease) (4,5,12). Seeds of the two genotypes were provided by 1. E.
mean severity of follar symptoms, respectively, and M was the DeVay (Department of Plant Pathology, University of California, maximum, 4, severity rating. Thus, DI expressed the mean value Davis). Plants were grown from surface-disinfested seeds (1 % of disease intensity at any given moment as a percentage of the NaOCl for 2.5 min) in 12-cm-diameter plastic pots (one plant per maximum possible disease.
pot) containing about 1 liter of a nonsterile sand-lime-peat The relationship between the inoculum density of \1: dahliae in mixture (2: 1: 1, vol/vol/vol). Plants were held in the greenhouse at soil at the time of sowing (initial inoculum) and the incidence of 24 :t 5/17 :t 3°C (day/night) and a 12-h photoperiod in which plants showing follar symptoms at the end of the cultivation pesunlight was supplemented with fluorescent light at 180 to 216 riod was examined by means of linear regression analysis using ~m-2s-l. Plants were fertilized every 2 weeks with a water soluseveral mathematical models that have different biological implible fertilizer (20-10-20 , N-P-K). Inocula consisted of conidial cations: (i) untransformed data (l versus inoculum d~nsity); (ii) suspensions from 7-day-old PDA cultures incubated in darkness semilogarithmic, or multiple infection transformation (In(l -/)-1 at 24°C. Conidial suspensions were prepared by adding sterile versus inoculum density) (20) ; (iii) Baker's transformation distilled water, rubbing the culture surface gently with a bent (log[ln(l -/)-1] versus log inoculum density) (7); (iv) direct logglass rod, and filtering through three layers of cheesecloth. Conlog transformation (log 1 versus log inoculum density) (6); and centration in the suspension was adjusted to 3 x 106 conidia/ml (v) logit transformation (In[lf(l -/)] versus log inoculum denwith sterile distilled water. Plants, 6-to 7-weeks-old, with two sity) (32) . In addition to l, models also were analyzed for the inpairs of well-developed leaves were inoculated with the conidial cidence of vascular discoloration, or DI. Data close to 100% or suspensions by puncturing two points on the bases of the first and inoculum density equal to zero were not used in these transforsecond internodes and placing a 5-1.11 drop of inoculum in each mations, thus, regression analyses were limited to the logarithmic hole. Control plants were either inoculated with the reference phase of the corresponding growth curves (7,8,9). Consequently, isolates V-4 or V-117, or with 5-1.11 drops of sterile distilled water. for analyses concerning the incidence of vascular discoloration, Inoculated and control plants were transferred to the greenhouse the incidence of foliar symptoms, or DI, only data from 18, 17, and grown as described above for 5 weeks. Plants were observed and 17 fields, respectively, were used. The appropriateness of the periodically for symptom development. Disease severity was re-corded at 2, 3, 4, and 5 weeks after inoculation by means of the O from mid-June to mid-September, or until the incidence of foliar to 4 rating scale used for the disease surveys. The experiments symptoms was 90 to 95% (15,32). At each recording date, the had a factorial design with six randomized, complete blocks disease severity was assessed for each plant in a plot using the O (replications of single plants) for each isolate-cultivar combinato 4 rating scale as for the disease surveys, and the increase of DI tion. A total of five experiments were carried out, each of which over time was determined. For DI, the afea under the DI progress had isolates V-4 and V-117 in common but different isolates from curve (AUDPC) was calculated by trapezoidal integration beeach field. Analysis of variance was pérformed on the data from tween O and 1,400 degree-days and expressed as a percentage of the disease assessment 5 weeks after inoculation. Similarity the maximum possible afea for this period (15). When the 1,400-among common isolates across experiments was tested by analydegree-days period was completed (on average at about August gis of variance using a split-plot design, in which experiments 22 in all the experimental plots), the crop was at the phenological were main plots and the iso late-cultivar combinations were substage of bolls fully developed or, in some cases, the first bolls had plots (19) . Data were analyzed using Statistix (Analytical Softopened. A total of 300 plants were exarnined per plot each year. ware, Roseville, MN). Treatment means were compared using
In 1986, 50 consecutive plants in each of six rows 5-m apart were ortogonal contrasts or Fisher's protected least significant differinspected. In 1987, 75 consecutive plants in each of tour adjacent ence (LSD) at P = 0.05.
rows and 100 consecutive plants in each of three adjacent rows Initial inoculum density of ~ dahliae and development of were exarnined for each of the three plots of fields A and B, reVerticillium wilt. Experiments were carried out in selected field spectively. For the plot in field D in 1987, 100 consecutive plants plots at severallocations of the Guadalquivir Valley in 1986 and in each of three rows 6-m apart were exarnined. 1987. Soil in these fields was naturally infested among locations Ordinary least squares regression analyses were performed with either the defoliating or nondefoliating pathotypes of ~ with nontransformed data (straight line and second-order polydahliae, as indicated by pathogenicity tests with a sample of nomial models) and with data transformed appropriately by the monoconidial isolates of the pathogen from affected cotton perlinearized versions of the Gompertz, logistic, log-logistic, and formed in the previous year. monomolecular models. The coefficient of determination (r), the In 1986, experimental plots were established in five fields (one standard error and significance of the estimated parameters, the 30 x 30-m plot/field) designated A to E. They were selected to mean error square, and the pattem of residuals were used to indirepresent the several levels of inoculum density of the two cate the goodness-of-fit of data to the models and to choose the pathotypes observed during disease surveys in 1985. Fields A, B, best regression model (15,17). The parameters derived from the C, and E (vertic soil, about 62% clay, 0.9 to 1.4% organic matter, models to describe the relationship between disease and physioand pH 7.8 to 8.8) were in the lower Valley (Sevilla province), logical time were the cate of disease increase (estimated by the while field D (loamy soil, 27% clay, 1.1% organic matter, and slope ofthe regression line), the physiological time ofthe disease pH 8.2) was in the higher Valley (Jaén province). In 1987, three 7. fields were all characterized as nondefoliating, except for two cm in a three-diagonal path (15) within 1 month after sowing.
fields in which only the defoliating pathotype occurred. None of Numbers of samples varied with the size of the plot. In 1986,30 the transformations for the several models used (untransformed samples were collected from each of the plots; while in 1987, data, semilogarithmic, Baker's, log-log, and logit) gave signifinine, six, and twenty samples were collected from the plots in cant linear correlations (P = 0.05) between the inoculum density fields A, B, and D, respectively. The soil samples from each plot of the pathogen in soil and the final índices of foliar symptoms or were buIked, thoroughly mixed, air-dried for 4 to 6 weeks at room vascular discoloration, or the final DI, Correlation coefficients temperature, and then milled and screened as described above.
were positive, but r values were low (i.e., 0.07 to 0.17 for the Six 500-mg aliquots of soil were assayed per plot. Each aliquot incidence of vascular discoloration, 0.10 to 0.15 for the incidence was divided into five l00-mg subsamples that were plated onto of foliar symptoms, and 0.08 to 0.09 for DI), SPA (14), incubated, and exarnined as described previously.
Defoliating and nondefoliating pathotypes of ~ dahliae. All To calculate the physiological time maximum and minimum, the isolates of ~ dahliae from fields A, B, and C behaved simiair temperatures were recorded in a meteorologic~l station near larly to isolate V-117, a known defoliating isolate used as a conthe experimental plots. Celsius degree-days accumulated in each trol in artificial inoculation experiments. These isolates caused 12-h interval were calculated from the afea enclosed between defoliation and severe foliar symptoms in line PI 70-110 and cul-11.9°C (threshold temperature for cotton growth) and the line that tivar Acala SJ-2. Mean severity values of isolates from fields A, connects the daily maximum and minimum temperatures among B, and C were 3.5, 3.3, and 3.1 in PI 70-110; and 2.7,2.3, and 1.9 consecutive days, using a triangulation method (31). Physiologiin Acala SJ-2, respectively. Consequently, these isolates were cal time was determined as the cumulative number of degree-days classified as highly virulcnt and defoliating. On the other hand, from the time of sowing. all the isolates from field D and seven of the eight isolates from Epidemics of Verticillium wilt in the plots were characterized field E behaved similarly to isolate V-4, a known nondefoliating by the increase in the incidence of foliar symptoms and the inisolate used as control, giving rige to moderately severe sympcrease of DI over physiological time accumulated from the time toms without defoliation in PI 70-110 and Acala SJ-2. Mean disof sowing. The increase in the incidence of foliar symptoms (total ease severity values of those isolates from fields D and E were 1.9 cumulative number of affected plants per total plant number exand 1.6 in PI 70-110, and 1.5 and 1.0 in Acala SJ-2, respectively. arnined per plot) over time was determined for each plot by reOne of the eight isolates from field E was classified as defoliating cording plants with foliar symptoms at 7-to 14-day intervals and caused severe symptoms on PI 70-110 (4.5) and Acala SJ-2 (2.8).
All defoliating isolates formed elongated and rounded microIn both 1986 and 1987, DI showed a positive and significant sclerotia in WA, grew without inhibition on sanguinarine-(P < 0.05) linear relationship with physiological time, with r" amended PDA forming colonies which were creamy-white unranging from 0.84 to 0.99 (Table 2) (Fig. 2C and D) . In general, demeath, and fluoresced under UV light. The nondefoliating isofue time of epidemic onset, calculated as fue intersect of fue linear lates formed only rounded microsclerotia in WA, their growth regression of DI against physiological time with fue time axis , was markedly inhibited on sanguinarine-amended PDA, and they (Table 2) , occurred slightly later than that obtained for fue incidid not fluoresce under UV light (24, 28) .
Initial inoculum density of ~ dahliae and development of Verticillium wilt. Regression analyses of data indicated that fue Gompertz, straight line, logistic, log-logistic, and monomolecular _100 models were all equally appropriate to describe the increase in fue The incidence of plants with foliar symptoms increased over . physiological time accumulated from sowing in 1986 and 1987
Inoculum densrty (cfu/g) ( Fig. 2A and B) . In both years, disease increase showed a positive and significant linear relationship (P < 0.05) with physiological dates in plots A-3 and A-4, which had very high inoculum densi-..: o ties (55.5 to 75.5 CFU/g) of fue defoliating pathotype (Table 1) . O 1 2 3 4 5 6 7 8 9 10 11 12 13 . In the ~ years. of.this study, w~thin individual fields, th.e rat~ of Inoculum density (cfu/g) mcrease m fue mcldence of follar symptoms over phYSIOloglCal time increased with fue inoculum density in plots infested with 100 either of the pathotypes of ~ dahliae. This correlation, however, C did not hold with the high inoculum densities of fue defoliating p athotype (i.e., 24.0 to 44.0 CFU/g in 1986 and 44.5 to 75.5 ~ 80 CFU/g in 1987), for which disease increased at similarly high = cates (Table 1) . Independent of fue inoculum density, fue cates of -g disease increase in plots containing fue defoliating pathotype ~ 60 were always higher than those in plots with fue nondefoliating .0 strain. For example, in 1986 the cate of disease increase in fields ¡ B and C (defoliating pathotype) were 1.6 and 1.7 times higher, c 40 8 . . respectively, than in fields D and E (nondefoliating pathotype), .;
although all those fields had a similar inoculum density (Table 1) . :: Also, while fue final incidence of foliar symptoms approached :; 20 . . (Table 1) .
foliar symptoms; and C, disease intensity indexo dence of foliar symptoms (Table 1) (Table 2) . For all inoculum densities, the cate of DI increase infested with 27.5 CFU/g of the nondefoliating pathotype (Table  in plots infested mainly with the defoliating pathotype was higher 2). Overall, disease development assessed by DI was strongly than in plots infested mainly with the nondefoliating pathotype. influenced by the ~ dahliae pathotype. Thus, even the lowest For example, in 1986, the cate of DI increase in fields B and C inoculum density of the defoliating pathotype (2.0 to 5.5 CFU/g) (defoliating) was, respectively, 3.3 and 2.5 times higher than in appeared to determine average values for the cate of increase of fields D and E (nondefoliating) ( Table 2) . DI, the AUDPC, and the final DI which were respectively 2.4, 2.2, In fields infested with the d~foliating pathotype, the final valand 2.0 times larger than the corresponding values in plots with ues of DI ranged from 56.9 to 61.4% for low inoculum densities the highest inoculum density (27.5 to 34,0 CFU/g) of the nonde-(2.0 to 5.5 CFU/g), and 70.1 to 87.0% for higher inoculum densi-foliating pathotype (Table 2) . ties (8.0 to 75.5 CFU/g). On the other hand, fields infested with
The cate of DI increase in plots at the same experimental fields the nondefoliating pathotype had a much lower final value of DI, infested with a similar inoculum density of the defoliating that ranged from 25.3 to 31.0% for inoculum densities ranging pathotype was larger in 1987 than in 1986 (Table 2) . Thus, in from 9.0 to 34.0 CFU/g (Table 2) .
1986, when the inoculum density was 44.0 CFU/g in field A the The AUDPC of DI over physiological time was also positively cate of DI increase was 0.072 and, in 1987, with a inoculum correlated with both the inoculum density and the ~ dahliae density of 44.5 CFU/g in plot A-2 the cate of DI increase was pathotype. Thus, in 1986, the maximum values ofAUDPC (32.9 0.118. Such an increase of the cate was less marked in plots into 36.4%) occurred in fields with the higher inoculum density of fested with the nondefoliating pathotype than in those with the the defoliating pathotype, whereas, minimum values (3.9 to defoliating pathotype ( Table 2 ). (:)   O  O  O  250  500  750  1000  1250  1500  1750  2000  O  250  500  750  1000  1250  1500  1750  2000 Physiological time (degree-days) by = Disease intensity index (%). X = Physiological time accumulated from sowing (detennined as the cumulative number of degree-days on a threshold of 11.9°C). ,:l = Coefficient of detennination for each regression line. P = Probability value for F statistic.
C Time of epidemic onset detennined by the point in which the calculated regression of disease intensity index (%) on physiological time crossed the x-axis. d Time of final disease assessment detennined at 118 to 158 days after sowing.
e Disease intensity index (%) at final disease assessment date.
f Area under the curve of disease intensity index increase between O and 1,400 degree-days expressed as percentage of the maximum possible afea for this period.
dahliae. However, later it was shown that fue influence of inocu-
